Abstract. We evaluated the importance of dissolved organic matter as a vehicle for the movement of N and P from the canopy and the forest floor into the mineral soil of a deciduous forest. We also examined the origin and nature of dissolved organic matter from the forest floor to see whether it was simply soluble plant material or highly humified matter. The average annual output from the forest floor in the form of dissolved organic matter was 18, 28, and 14% of the input in solid litterfall for C, N, and P, respectively. In throughfall, about half of the dissolved N and P was organic. But, in solution percolating from the forest floor, 94% of the N and 64% of the P was organic. Leaching from the forest floor was not a source of inorganic N and P for the mineral soil. Instead, the forest floor was a sink for the removal of these inorganic nutrients delivered in throughfall. Microbial immobilization was the most likely explanation for much of the inorganic nutrient removal. In contrast, the forest floor was an abundant contributor of N and P to the mineral soil in the form of dissolved, and possibly particulate, organic matter. Much of the dissolved organic matter entering the A horizon originated from the upper (Oa and Oe horizon) forest floor, but it was modified in several respects compared to the original soluble material. The solution percolating from the forest floor over most of the year was much richer in nitrogen, contained a much larger proportion of hydrophilic acids, and contained a much smaller proportion of carbohydrate-rich hydrophilic neutrals, than did the original waterextractable material in autumn litter. However, the fresh autumn litter did contain a similar proportion of soluble hydrophobic acids that resembled dissolved humic substances in several respects. Most of the flux of nitrogen from the forest floor to the A horizon was carried by humic substances and highly colored hydrophilic acids.
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tify the origin of dissolved humic substances from the forest floor, and to evaluate the forest floor as a source of soluble humic substances in the soil; and (3) to determine whether the forest floor was a source of inorganic N and P in solution for the mineral soil, or a sink for inorganic N and P from throughfall.
To accomplish these objectives, we measured fluxes of dissolved organic N, P, and C, and inorganic N and P in: (1) throughfall, (2) solution draining from the Oi horizon of the forest floor, and (3) solution from the bottom of the Oa horizon of the forest floor over a 2-yr period. The proportions of DOC in various classes such as humic substances were measured in seasonal samples and were presumed to be representative of the DOC sampled continuously.
METHODS

Site description
The study site was Watershed 2 (WS 2), at the Coweeta Hydrologic Laboratory in the Nantahala Range of the Southern Appalachians of North Carolina, USA (83°26' W, 35°04' N). The Coweeta Basin is part of the Little Tennessee River drainage. Elevations of WS 2 range from 700 to 1000 m. The watershed is drained by a first-order stream, and discharge is gauged with a weir at the base of the watershed. Watershed area is 12.3 ha, and the slopes average 60% with a south-facing aspect (Swank and Crossley 1988) .
Annual precipitation averages 177 cm for WS 2. However, during four seasons in the 1986-1987 sampling years, precipitation was extraordinarily low. In 1986 it was 127.6 cm or 72% of normal, and in 1987 it was 153.4 cm or 86.7% of normal. However, if we define a "litterfall year" as beginning 15 October, then precipitation was very close to normal during the litterfall year [1986] [1987] . Precipitation was measured at two stations on WS 2 and on two adjacent watersheds. Hourly precipitation records were taken from the adjacent Watershed 7.
Watershed 2 is covered by a deciduous forest dominated by several species of Quercus. Other important tree species include Carya spp., Acer rubrum, Nyssa sylvatica, Cornus florida, Fraxinus sp., and Fagus sylvatica. Thickets of Rhododendron maximum and Kalmia latifolia cover a portion of the watershed.
Three soils occur on WS 2: an Umbric Dystrochrept formed on colluvium in the ravines; a Typic Hapludult on the middle slopes and lower ridges; and a Typic Dystrochrept on the upper slopes and ridges. The forest floor is a mor type, distinctly divided from the A horizon. It contains distinct Oi and Oa horizons with a sometimes distinct Oe horizon between them. Earthworms were rarely found when soil pits and holes for sampling equipment were dug and are considered unimportant in mixing of forest floor and A horizon. Few roots were found in the Oi and Oe horizons, but roots were observed in the Oa horizon of some plots. In areas with Rhododendron and Kalmia, roots often form a dense mat at the surface of the mineral soil. The dry mass of the forest floor averages 1145 g/m 2 (Ragsdale and Berish 1988) . Annual litterfall in a 0.1-ha plot on WS 2 during the study period averaged 498 g/m 2 dry mass, with N content 3.6 g/m 2 , and P content 0.20 g/m 2 (W. T. Swank, personal communication) . Assuming that carbon is 44.5% of dry mass (Mattson 1986 and personal communication) gives soil carbon of 220 g/m 2 , a C/N ratio of 60, and a C/P ratio of 1200. Risley (1987) measured 448 g/m 2 air-dried mass of litterfall during the late 1985-early 1986 period over a wider area of WS 2.
Plot location
The watershed was classified by: (a) soil type and (b) slope position (toeslope, midslope, or upper slope zones). Only the Typic Hapludult soil occupied more than one slope position. Plots were located with two goals in mind: (1) to randomly sample most of the watershed and (2) to measure hydrologic gradients in the soil for estimating soil water fluxes. Four points were chosen randomly along the stream and central ravine. About 22% of the watershed was deemed too remote for rapid storm sampling so random points within this area were rejected. Thus, the upper slope Typic Dystrochrept was sampled in a more restricted area, and is assumed to be representative of a larger area. Also, the criteria for locating the Typic Dystrochrept plots included the need to provide paired reference plots for three plots located randomly in an adjacent clear-cut area (not a subject of this paper). From the points along the ravine, transects were located running perpendicular to the slope on one randomly chosen side. One plot was randomly located along each of these hillslope transects in each of the slope zones. This resulted in 12 plots with at least three replicate plots in each soil x slope stratification. Plots measured 10 x 10m. Within the plots, the throughfall collector was randomly located and randomly oriented with the stipulation that it was downslope from the soil water sampler and tensiometers. Pairs of forest floor solution collectors were randomly located ~30 cm apart to represent the same small area for comparison of the Oi and Oa horizons.
Sampling period
Samples of throughfall and forest floor solution were collected continuously during the period 3 January 1986 to 3 January 1988. Samples were collected with two levels of frequency. One week in every six, during the 2 yr, samples were collected at intervals of 2-5 h during and shortly after all storms. This intensive sampling was conducted to determine whether organics were rapidly flushed and diluted during storms, and to provide data for calculating soil water fluxes during storms. This aspect is not dealt with in this paper. Between these intensive sampling weeks, samples were collected within, at most, 2 wk of the first storm during the Ecology, Vol. 72, No. 1 interval. During the summer, most storms were sampled individually.
Sample collectors
Throughfall was collected in 12 troughs measuring 0.098 x 2 m. Screen was placed in the bottom to exclude debris and to break the impact of raindrops.
Zero-tension soil water collecting troughs (Jordan 1968) were installed (1) below the Oi and Oe horizons together (the upper forest floor) and (2) below the Oa horizon (between the forest floor and mineral soil). Since the Oe horizon was not always distinct, the collectors and samples from below the Oi and Oe horizons will be referred to as the Oi collectors or samples. To install the forest floor collectors, a tunnel was excavated from one end so laterally running roots were not disturbed, and only slight forest floor disturbance was necessary. A sample collection bottle was buried in a pit and covered with insulation.
We wanted to determine if there was any correlation between the inorganic nutrient removal from solution, or the organic nutrient leaching, with the mass of litter and roots above the individual collectors. Thus, at the end of the study, material lying over the zero-tension soil water collectors was separated into Oi, Oe, and Oa horizons. The Oi horizon was further separated into 1st yr, 2nd yr, and older litter by referring to forest floor plots having nylon screen separating annual layers. The Oi horizon litter was still further sorted by species. All material was further sorted into foliar material, roots <2 mm diameter, wood, and any mineral soil inadvertently included during collector installation. Rather than trying to distinguish live roots, we included all roots that were not obviously decomposed, reasoning that this represented a better integrated measure of the roots present during the prior 2 yr. All litter samples were dried at 80°C and weighed.
Wet precipitation was collected during intensive sampling periods in a clear area using a glass funnel and bottle for DOC samples and a plastic funnel and bottle for other samples.
Water fluxes
Throughfall was calculated directly from the volumes collected and the horizontal cross-sectional area of the trough. A small correction was added to compensate for the volume of water remaining in the trough after a storm.
Stemflow was not collected in our plots; however, stemflow was measured as part of another project on the same watershed (W. T. Swank and L. J. Reynolds, personal communication) . During our sampling period stem flow was 6% of precipitation. For the growing and dormant seasons separately, we used a ratio of stemflow/throughfall to estimate stemflow fluxes in our plots. Stemflow samples from the other project were analyzed by us for DOC, DON, and DOP during May 1987-January 1988. The flux-weigh ted average concentrations during the growing and dormant seasons of that period were assumed to represent stemflow for the entire 2-yr period.
Water fluxes from the bottom of the Oi and the Oa horizons of the forest floor were calculated from volumes collected, and the cross-sectional areas of collectors. However, values were highly variable from collector to collector, and water flux from the Oi horizon collectors was 101% of precipitation. Consequently, we estimated forest floor water fluxes using throughfall for the individual plot and an equation derived from data of Helvey (1964) . Helvey measured interception of water by the forest floor by mass on a nearby watershed. The equation used for net precipitation (i.e., water flux into mineral soil) was: net precipitation per storm = (throughfall per storm -0.3 mm) (0.981). This equation means that ~2% of the throughfall was absorbed by the forest floor and later evaporated. Water flux from the Oe horizon was assumed to be the average of throughfall and net precipitation.
For cases when collectors overflowed or were damaged by bears, water flux was estimated from regressions of precipitation vs. throughfall per storm for the specific collector for the growing or dormant seasons.
Sample treatment and preservation
Samples were stored in polypropylene or high-density polyethylene bottles. Special precautions were taken to guard against organic as well as inorganic contamination. Before they were first used, field collection and sample bottles were washed twice in an automatic dishwasher with a high velocity spray, 85° water, phosphate-free detergent, and an 85° deionized water rinse. Bottles were then soaked in 5% NaOCl followed by 10% HC1 and then deionized water for 1 d each. Thereafter, sample bottles that were recycled were used for samples from the same or similar collectors after soaking for 2 d in deionized water (unless the previous samples had an unusually high DOC, NH 4 + , or PO 4 3c oncentration). At least two bottles from each batch were filled with low organic content deionized water and treated like other samples to check for contamination. The DOC in these bottle blanks was not significantly different from fresh deionized water or water stored in combusted glass bottles. Large throughfall field collection containers were soaked with NaOCl, then 10% acid, and then deionized water. Field collection bottles were replaced frequently with freshly washed containers.
Mercuric chloride was added in advance to field sample collection bottles that were not scheduled to be emptied immediately after a storm. However, HgCl 2 was not used during the winter when temperatures remained near freezing in the soil pits where the bottles were located. We added an amount such that the min-imum HgCl 2 concentration would not be below 20 mg/L HgCl,, thus concentrations were considerably higher during the early part of the intervals.
Samples were refrigerated within 1 h after collection, filtered through a combusted and washed Whatman GF/F glass fiber filter within 8 hr, and preserved with enough H 2 SO 4 to acidify the sample to «pH 2.7. Over 90% of the samples were analyzed for DOC within 4 d; for NH 4 -N, NO 3 -N, and PO 4 -P within 7 d; and for total dissolved N and P within 21 d. Reanalysis of some samples several months later showed that such haste was unnecessary for the organic analyses. Some samples from November 1986 were frozen rapidly and analyzed several months later. Filtration of subsamples indicated no significant flocculation in the frozen samples, perhaps because of their low ionic strength, prior filtration, and rapid freezing. Glass fiber filters from 20% of the sampling periods were saved and dried for analysis of suspended particles in the samples (not the frozen samples).
In retrospect, it may have been unnecessary to preserve the forest floor solution in the field because of its low pH (4.0-4.6) and refractory nature (Quails 1989) .
Chemical analysis
The DOC was measured by automated persulfate oxidation followed by infrared detection of the liberated CO, using an O.I. Analytical (College Station, Texas) Model 700 TOC Analyzer. The digestion efficiency was checked using a solution of freeze-dried fulvic acid, with carbon content determined using a Perkin-Elmer C-H-N analyzer (Norwalk, Connecticut) as a benchmark. Recovery averaged near 100% throughout the study.
Ammonia-N, NO 3 -N, and PO 4 -P were all measured by automated analysis using a Technicon Autoanalyzer II (Technicon, Tarrytown, New York). NH 4 -N was measured by the phenol-hypochlorite-nitroprusside method (Technicon Industrial Systems 1978) . Nitrate plus nitrite was measured on samples and persulfate digests by hydrazine reduction followed by diazotization, as outlined by Downes (1978) . We used twice the concentration of ZnCl 2 recommended by Downes to eliminate the interference of high fulvic acid concentrations during the reduction step. Since occasional checks never revealed any measurable nitrite, we assume nitrite was negligible. Reactive phosphate in samples and persulfate digests were analyzed by the ascorbic acid-molybdate blue method (Technicon Industrial Systems 1973). We assume the "reactive phosphate" to be orthophosphate. Acid hydrolyzable dissolved phosphorus was measured on «10% of the samples (American Public Health Association 1985).
There were two significant sources of interference with the inorganic analysis. The HgCl 2 added to many samples interfered with the NH 4 + assay and, very slightly, with the PO 4 3~ analysis. A multiple regression standard curve of NH 4 + or PO 4 3~ and HgCl, vs. peak height was used for samples containing HgCl 2 . The HgCl, was estimated from HgCl 2 added to the bottle and sample volume. Analyses were also corrected for the background color due to high organic content, a correction that was significant for NH/.
Total dissolved N (TDN) and P (TOP) were determined by KorolefPs (1983) persulfate digestion procedure followed by NO 3~ and PO 4 3~ analyses of the digests. It was necessary to dilute samples containing more C than « 20 mg/L. A standard frozen sample and Environmental Protection Agency quality control organic nutrient samples were digested with each set. Other modifications and quality control procedures are summarized in Quails (1989) . Routinely, single determinations of all analyses were done on each sample. To estimate analytical variability for DOC, TDN, and TDP, four determinations were done on «12% of the samples of low, medium, and high organic content.
Budget calculations
The products of water fluxes and concentrations were summed over the 2-yr period for each plot and divided by 2 yr. An area-weighting factor, derived from the proportion of watershed in each stratified zone divided by the numbers of plots in each zone, was used to calculate the area-weighted average flux for all plots. A separate stemflow flux was estimated. Since the stemflow concentrations were within a factor of 2 of the throughfall concentrations, they were a very minor addition. The stemflow contribution to forest floor solution fluxes was assumed to be a simple addition of the DOC, DON, and DOP in stemflow while inorganic components were assumed to be the same concentration as the measured forest floor solution. The fluxes listed for throughfall in the Results should be understood to include stemflow.
Since solutions were continuously collected, temporal variability was not a component of the sampling error of the estimate. The standard errors of the estimates were calculated from the area-weighted variance of the annual volume-weighted concentrations, or fluxes, of the 12 plots. Consequently, the standard error reflects spatial variability.
The proportions of DOC, DON, and DOP in various organic matter fractions were measured in samples composited over 1 wk in November, December, February, May, and August. The sample collected in November represented the first large storm after litterfall. To examine the diagenesis of the initially soluble material in autumn litter, we also fractionated water extracts of freshly fallen autumn leaves. The fractionation procedure was that of Leenheer and Noyes (1984) .
The following is a list of substances that may occur in the various fractions (Thurman et al. 1978 , Leenheer 1981 , Thurman 1985 acids and phosphate esters intimately bound to them. The phenols (i.e., weak hydrophilic acids) include tannins and flavonoids without carboxylic acid groups. Hydrophilic acids may include humic-like substances with lower molecular size and higher COOH : C ratios, oxidized carbohydrates with carboxylic acid groups, low molecular size carboxylic acids, and sugar phosphates. Hydrophobic neutrals may include lipids and some pigments. Hydrophilic neutrals may include simple and complex carbohydrates. Bases may include free amino acids and free proteins.
To estimate the annual fluxes of these components, these proportions were multiplied by the seasonal fluxes of DOC, DON, or DOP. The proportions of the major components in forest floor solution were very similar between seasons, so we feel they were representative.
Statistical analysis was performed with SAS (1985) .
Water-ex.tracta.ble substances in leaf litter
Litter was gathered on two occasions during autumn leaf fall. Only freshly fallen leaves that had not been rained on after falling were gathered in the vicinity of all plots on WS 2. Leaves were grouped into six categories: white oaks (Quercus alba and Q. michauxii); red oaks (Q. velutina, Q. rubra, and Q. coccinea); Acer rubrum; Carya spp.; Rhododendron maximum; and "others" (Cornusflorida, Nyssa sylvatica, Fraxinus sp., Fagus sylvatica, and others). In the categories with more than one species, leaves were included in their approximate relative abundances. To avoid chemical changes, the leaves were not dried before grinding. They were chopped in a food processor to pass a 2-cm screen. A 2.5-g moist-mass sample of each category of leaf was extracted by continuous shaking with five successive 100-mL aliquots of deionized water. We added 120 mg/L HgCl, to the first extraction and 80 mg/L to successive ones to inhibit decomposition. Extractions were maintained at 47° to speed dissolution and to further discourage fungal growth. The lengths of the first four extractions were 24, 48, 48, 48, and 336 h. After centrifuging to remove particles, solutions were frozen in liquid N 2 . A subsample of the leaves was dried and ashed to measure the initial organic dry mass. Carbon content was estimated as 48% of dry organic mass (Mattson 1986) .
To determine whether the method of exhaustive water extraction affected the apparent character of the extracts, another batch of chopped leaves was extracted by stirring in cold (2°) water for 24 h without preservative.
RESULTS
Importance of dissolved organic forms
Concentrations of DOC were relatively high in water percolating from the forest floor (Fig. 1) . Although the DOC concentration in throughfall was only 27% of that in forest floor solution, it was a very important contribution to the forest floor solution. About half of the dissolved N and P in throughfall was organic (Figs. 2 and 3). However, there was a large standard error for PO 4 3~ in throughfall because PO 4 3~ was consistently very high in certain "hot spots." So, the ratio of organic to inorganic P was highly variable. In the forest floor solution, organic N and P were the dominant forms. In fact, 94% of the dissolved N in the Oa solution was organic, while two-thirds of the dissolved P was organic. The dominance of the organic forms was due both to an addition of organic forms and a removal (or perhaps transformation) of inorganic forms as throughfall percolated through the forest floor.
Nearly one-third of the DOC leaving the bottom of the forest floor originated in throughfall and stemflow, assuming there was little removal of the DOC in the forest floor (Fig. 4) . A small proportion of the DOC in throughfall actually originated in wet precipitation since the average DOC concentration in rain was ~0.8 mg/L. Essentially all of the DOC and DON (Figs. 4 and 5) leached from the forest floor seemed to originate in the upper forest floor, and the lower forest floor contributed none.
In contrast to N and C, DOP fluxes from the canopy were a little over half of those from the forest floor (Fig. 6 ). If we assume no removal of throughfall DOP, then the canopy was a slightly greater source of DOP 
Removal ofNOr, NH 4 + , and PO 4 3~ by the forest floor
The forest floor was not a source of dissolved inorganic N and P for the mineral soil (Figs. 5 and 6 ). Instead, it was a sink for NO 3~, NH 4 + , and PO 4 3~ arriving in throughfall. The proportion of throughfall plus stemflow flux removed during passage of solution through the forest floor was greatest for NO 3~ (72%), less for NH 4 + (57%), and least for PO 4 3~ (28%). In a sense, the "mobility" of these ions in passing through the forest floor was in opposite order to their relative mobility in soil.
What processes led to the removal of the inorganic nutrients? The removal of NH/, NO 3~, and PO 4 3~ from solution passing through the forest floor over each collector was calculated by subtracting the annual flux from the forest floor from the annual throughfall flux in the plot. The Oi and Oa horizon collectors were both used in the analysis (n = 24). Correlations and regressions were tested for nutrient removal vs. the following independent variables: (a) fine root mass above the collector, (b) mass of 1986 litter, (c) mass of Oi horizon, (d) mass of Oe horizon, (e) mass of Oa horizon (humus), (f) mass of woody litter, and (g) mass of mineral soil inadvertently included over the collector. Removal of none of the ions was significantly correlated with the root mass (live and nondecomposed dead). In fact >40% of the NO 3~ and NH 4 + was removed over seven collectors with no roots at all over them. The only variables that showed a significant regression with either NH 3~ showed no correlation with any of the parameters.
How did the unusually low precipitation affect the conclusion that the forest floor removed inorganic nutrients from solution? During the 1986-1987 "litterfall year" precipitation was very close to normal and the percent removal of inorganic N and P was similar to the average for the entire period.
Properties and origin of the dissolved organic matter
The DOC/DON and the DOC/DOP ratios are a convenient way to express the role of dissolved organic matter as a vehicle for the transport of N and P (Figs. 7 and 8). All references to C/N on C/P ratios in this paper refer to mass ratios in dissolved organic matter unless otherwise noted. The dissolved organic matter in throughfall and forest floor solution was poorer in N content than A horizon solid soil organic matter, whose solid phase C/N ratio varied from 16 to 24. However, the forest floor solution organic matter was richer in N than the solid fresh leaf litter from WS 2 in which the solid C/N ratio initially averaged 60. It was poorer or comparable in N content to Oi horizon solid litter. Throughfall dissolved organic matter was slightly richer in N than forest floor solution dissolved organic matter. In the case of P, the forest floor dissolved organic matter was much poorer in P content than throughfall. In fact, there was only «1 P atom for every 3600 C atoms in the forest floor dissolved organic matter.
A large portion of the C in freshly fallen autumn litter (a weighted average of 27%) was extractable with water (Table 1 ). The average was weighted according to the relative mass of each species group found in 1987 litter harvested over the forest floor water collectors and the relative watershed area represented by each plot. The soluble organic matter was relatively poor in N, with C/N ratios varying from 100 to 220. The C/N ratios of the water extracts in all species of leaves were much higher than the annual average C/N ratio in forest floor solution. Evidence of this nitrogenpoor solution from fresh leaf litter was observed in the field since there was a substantial elevation of the C/N ratio in forest floor solution in most plots for 1-3 mo following autumn litterfall (not shown).
In the water extracts of the autumn litter, there were high concentrations of PO 4 3~ (at least "molybdate reactive P"), with DOC/PO 4 -P ratios ranging from 290 to 820 (Table 1) . Unless the PO 4 3~ resulted from hydrolysis of DOP, this ratio has little significance except as a way of expressing the relative concentration of PO 4 3~ in the extracts. The range of ratios superficially resembles those of the throughfall. Against the high background of PO 4 3~, DOP was not analytically distinguishable in the extracts. In several plots there were pulses of high PO 4 3~ concentrations in the forest floor solutions during and shortly after litterfall.
Over half of the DOC moving out of the forest floor into the A horizon was in the hydrophobic acid fraction (Fig. 9) . The International Humic Substances Society has defined aquatic humic substances as the hydrophobic acid fraction isolated by the fractionation procedure we used. Most of the remainder was in the colored hydrophilic acid fraction, which may include substances similar to the humic substances. This flux estimate of 22 g-m~2-yr~' amounts to a substantial input of humic material to the A horizon. Throughfall contained a diverse mixture of DOC fractions, but fluxes of organic acids were substantial. Most of the flux of hydrophobic and hydrophilic neutral compounds moving into the A horizon appeared to originate in throughfall, assuming they are not both consumed and produced in the forest floor.
Humic substances and hydrophilic acids were the main vehicle for transporting N into the A horizon from the forest floor (Fig. 10) . Bases, which would include free portions and amino acids, are only a very minor vehicle for transport of N. The humic substances and hydrophilic acids are the main carriers of organic N in throughfall, but bases were a significant portion. In contrast, the humic substances were much less important in transporting DOP (Fig. 11) . The additional contributions of the forest floor to the DOP from throughfall were largely in the form of hydrophilic acids and humic substances.
Over the course of the year the distribution of the major fractions of organic matter is remarkably consistent except for a brief period after autumn litterfall (Table 2) leached from the forest floor over the year resemble the water extractable substances in fresh litter? Perhaps the most striking similarity was the significant proportion of hydrophobic acids in the litter extract (Fig.  9 ). These resembled humic substances in other respects besides their behavior in the fractionation procedure. They were as highly colored as were the humic substances in the forest floor water in other seasons, their light absorption spectrum was similar, and most of the DOC was in the intermediate to high molecular mass fraction (Quails 1989) . The phenols (without carboxylic acid groups) were a significant component but not a major one. These exhibited color changes in basic solution similar to those exhibited by flavonoid standards (Quails 1989 ).
The main difference in litter extract and the yearround forest floor solution was that the litter extract lacked the large hydrophilic acid component (Fig. 9 , Table 2 ). Furthermore, the hydrophilic acids in litter extract were not highly colored as were hydrophilic acids from nonautumn forest floor solution. Also, a much larger percentage of both the litter extract and the November forest floor solution was in the hydrophilic neutral fraction.
The amounts of the various components in the water-extractable portion of litterfall, plus the throughfall, represent the potential flux of each soluble component from the forest floor in solution (Fig. 9) . However, several processes could cause these fluxes to be unequal: (1) adsorption, precipitation, or decomposition within the forest floor; (2) generation of additional soluble material by decomposers and roots; and (3) biochemical or physical transformation of one fraction to another (e.g., condensation or oxidation). The amount of humic substances in litterfall and throughfall is only a little greater than the amount eventually leached from the forest floor. However, the amount of hydrophilic acids initially present in the soluble portion of litterfall and in throughfall cannot account for the flux from the forest floor. The sums of acidic DOC fractions closely match one another, however. Much of the hydrophilic neutral and hydrophobic neutral fractions in the soluble portion of litterfall were apparently never washed from the forest floor.
Considerably more DON was leached from the forest floor in the acid fractions of dissolved organic matter than could be accounted for by the initially soluble DOM in litterfall and throughfall (Fig. 10) . This additional DON leached from the forest floor came partly from the generation of additional amounts of hydrophilic acids but mainly from incorporation of additional N into the existing fractions of dissolved organic matter. In particular, the C/N ratio of the litter extract hydrophobic acid was over 100, while the C/N ratio of the Oa solution hydrophobic acid varied from 43 to 73.
DISCUSSION
Dissolved organic matter as a source of soil organic C, N, and P Comparing the inputs to, and the outputs from, the forest floor serves as a way of putting the fluxes of dissolved organic matter in perspective. Using the estimate of solid litterfall C and N discussed earlier, the flux of DOC out of the forest floor was «18.4% of the input in solid litterfall (Table 3 ). The corresponding percentage for nitrogen was 28%, but the corresponding percentage for phosphorus was only 14%. The net leaching from the forest floor alone (subtracting throughfall and stemflow) was 12.5% of the litterfall input for carbon. This percentage probably represents a large proportion of the organic carbon not respired directly from the forest floor. It is also close to the general range of the proportion of plant litter that eventually becomes humus, about 15-25% (Jenny 1980) . Since a large portion of this dissolved organic matter is humic, and seemed to be refractory to decomposition (Quails 1989) , this route is a major one in the formation of humus in the mineral soil. This route has been one that has been frequently overlooked. Greenland (1965) concluded from a number of studies that 32-98% of the mineral soil humus was in the form of organomineral complexes that probably originated as dissolved organic matter. The importance of translocated dissolved organic matter as a source of solid soil organic matter has also been inferred from density fractionation of soil particles. In a Typic Dystrochrept forest soil in Oregon, the heavy organo-mineral particles contained 75-93% of the solid soil organic N in all but the 0-3 cm depth, where it contained 55% of the N (Spycher et al. 1983 ). The authors concluded from electron micrographs and other data that the organic matter in the heavy fraction was probably adsorbed and indicated the importance of the "percolation of dissolved organics." This same organo-mineral fraction constituted most of the N in the sediments and surrounding riparian soil from an Oregon forest stream (Sollins et al. 1985) .
Other routes by which surface litter may become soil organic matter include eluviation of fine particles and physical mixing. We have only analyzed fine paniculate matter filtered from the forest floor solutions on 10 composite samples, but the estimated paniculate carbon did not exceed 3% of the DOC content of the sample. Installation of the screen covered Jordan water collecting trough under the forest floor may create an artificial situation for the downward percolation of fine particles, but surely movement would tend to be exaggerated compared with movement into mineral soil. Mattson (1986) similarly found fine particles to be a very minor component in solution percolating from the forest floor of an adjacent clearcut watershed into a Jordan water trough. In contrast, Ugolini et al. (1977) found that organic particles represented 5 to 10% of the total organic carbon in the solution percolating from the A2 horizon of a Podzol. Root litter and root exudates represent a more direct source of organic matter to the mineral soil, but leaching from root litter and root exudation in forest soils are poorly known processes.
The output of DON from the forest floor was an even greater percentage of the N input in litterfall; 28%, or about 17% net leaching from the forest floor alone (Table 3) . Since the leaching of inorganic N from the forest floor was an almost negligible percentage of the litterfall input, this left a large portion of the input to either accumulate on the forest floor, be taken up by roots in the forest floor, or conceivably be taken up by mycorrhizae. Accumulation of the forest floor during the 2-yr period was a possibility since the precipitation was below normal. The net removal of both NO 3~ and NH 4 + from solution from collectors with no roots above them does not argue for the idea that much N was taken up directly in the forest floor by roots. Instead, microbial immobilization seems to be at least as important as root uptake, if not more important. Immobilization of exogenous N and P is a well-known phenomenon during the first year or two of leaf litter decomposition, but it is generally thought that the litter enters a phase of net mineralization afterwards. However, the forest floor as a whole, including the highly decomposed humus layer, exhibited no net output of mineralized N or P, at least in solution. Sollins and McCorison (1981) also found that DON was over 95% of dissolved N from the forest floor of an Oregon coniferous forest.
The output of DOP from the forest floor was a relatively minor proportion of the P input in solid litterfall and throughfall, and leaching of PO 4 3~ was even less important. Phosphorus seems to be very strongly conserved in the forest floor, and direct removal by roots and mycorrhizae is a possibility. Despite the big discrepancy between input and solution leaching, PO 4 3w as the ion that was removed to the least extent from solution percolating through the forest floor. The ratio of inorganic N removed/PO 4 -P removed was 40 (by mass), far above the critical ratio needed for microbial tissue or root uptake. If P were limiting for microbial growth, we might expect this ratio to be lower.
The most thorough study on dissolved organic matter in soil from the perspective of nutrient cycling was done in a lodgepole pine forest (Yavitt and Fahey 1985, 1986) . These lodgepole pine forests were dry and infertile. Most leaching occurred during melting of the winter snowpack, a very different environment from the Coweeta or Hubbard Brook forests. The DON flux of 0.66 g-m~2-yr~' of N from the forest was considerably less than from the Coweeta forest floor. In contrast to what we found, the net N leaching was almost as much as the input in throughfall and solid litterfall (~0.6 g-m~2-yr~'). As we found, a smaller proportion of the P input to the forest floor was leached in the form of total dissolved P than was the case for N. About 30% of the annual C release (CO 2 + DOC) from the lodgepole pine forest floor was DOC.
McDowell and Likens (1988) estimated a DOC flux of 26.3 g-m~2-yr~' (21.6 g-m~2-yr~' net leaching) from the forest floor of the Hubbard Brook forest in New Hampshire in an "average" hydrological year by extrapolation. This was somewhat less than we found at Coweeta. The precipitation was similar, but litterfall at the Hubbard Brook forest was less than at Coweeta. This estimate was an almost identical proportion of litterfall to what we found at Coweeta. Apparently the much slower litter decay and greater forest floor accumulation of the Spodosol at Hubbard Brook did not have the effect of channelling a higher proportion of litterfall into the DOM route of export.
Cronan and Aiken (1985) measured 7.5 millimoles of carboxylic acid functional groups per gram of carbon in the hydrophobic plus hydrophilic acid fraction of the forest floor solution on Spodosols in the Adirondack Mountains. If we assume the same carboxylic acid content for the Coweeta acid fractions, we estimate a flux of 244 millimoles-irr^yr-' of carboxylic acid functional groups leaching into the A horizon from the forest floor. Although they did not directly measure an annual budget of DOC, Cronan and Aiken estimated a flux of 75-150 millimoles •m~2-yr~1 of carboxylic acid groups from the forest floor. Despite the importance of organic cheluviation in the process of podzolization, the fluxes of COOH groups into the mineral soil were greater on the Coweeta Ultisol and Inceptisol than on the Adirondack Spodosol. In fact the same can probably be said for the Hubbard Brook Spodosol since the DOC flux was somewhat less than at Coweeta. These comparisons suggest that the effects of the thermic and hydrologic regime on the mineral soil itself are more important in Spodosol formation than the effect of climate on decomposition of the forest floor. It would be useful to have more estimates of dissolved organic acid fluxes over a range of Spodosols and other soil types. Schoenau and Bettany (1987) examined the role of organic matter leaching in determining organic matter composition of several soil profiles. Rather than looking at the dissolved organic matter directly, they examined the NaOH extractable fulvic acid as a function of depth. They presumed this adsorbed fulvic acid originated as leached dissolved organic matter and con-eluded "the organic matter being translocated downwards is richer in N, P, and S than fractions not susceptible to leaching." They believed that P was the element most susceptible to deep leaching in the organic form. At least in the transfer from the forest floor to the A horizon, our results do not really fit their notion. The average C/N ratio of 40 in the forest floor solution is not any lower than the decomposing litter after about a year (Blair 1987) . The forest floor dissolved organic matter was at least as poor in P, or poorer, than the decomposing leaf litter after 1 yr, which had C/P ratios of 350-710 (Blair 1987) . Even the initially soluble material from leaf litter was poorer in organic N than the initial solid litter ( Table 1 ). The initially water-extractable material was slightly richer in P in terms of the amount of PO 4 , and perhaps this PO 4 was originally organic. However, little of this initially water-extractable P was able to escape the forest floor under field conditions. The fact that the dissolved organic matter was not richer in N and P than the soil material that was being leached does not mean it was any less an important means of export to the soil because it was the major mobile form of N and P.
The origin and nature of dissolved organic matter entering the mineral soil It would be easy to conclude from the soluble DOC budget that the origin of the dissolved organic matter leaching from the forest floor was simply the initially water soluble material from freshly shed leaf litter. Furthermore, almost all of the DOC and DON seemed to originate in the Oi and Oe horizons. In fact, while about 27% of the freshly fallen litter was soluble, only 18.4% of the carbon input in litterfall was leached in solution from the bottom of the forest floor (even less if throughfall is subtracted). It is probable that some of the labile carbohydrates in the hydrophilic neutral fraction in fresh litter decompose before being leached. Unpreserved extracts of freshly fallen leaf litter rapidly became turbid with microbial growth in the laboratory. The amount of rainfall shortly after litterfall probably determines where much of the labile material is decomposed. However, the forest floor solution does not seem to represent simply the initially soluble material. The leaching of soluble material from the forest floor by rain was a very inefficient process. Many hydrophobic areas on the litter simply repelled and channelled water. The net leaching of DOC continued over the entire year at rates that declined only slightly from the autumn level. Consequently, there was time for humification reactions to occur in the litter. In contrast to carbon, considerably more DON is leached from the forest floor than can be accounted for as initially watersoluble N in litterfall. As previously discussed (Results: Properties and origin of the dissolved organic matter), the average annual C/N ratio in solution was much lower than in the autumn leaf extract. This incorporation of extra N is characteristic of the humification process. The most likely explanation was that there was some microbial dissolution of solid N-rich components.
Since throughfall in the summer was a significant portion of the dissolved organic matter fluxes, especially for P, its nature is important. Its properties are more fully discussed in another paper (Quails 1989) , but a few points are worth mentioning here. Since concentrations were much higher in summer, we presume foliar leaching was a major source. Whether the DOP represents inositol phosphates and similar compounds found in plants or compounds from atmospheric deposition deserves attention. Perhaps the strangest thing about the P in throughfall and leaf litter was the presence of high concentrations of PO 4 3^ in throughfall and Oi litter solution during leaf fall in autumn. The high concentrations of PO 4 3~ in the water extracts, seemingly at the expense of soluble DOP, could have been an artifact of the prolonged and exhaustive water extraction. However, the parallel appearance of pulses of PO 4 3~ in throughfall and Oi solution in the field suggests a common link. Perhaps phosphatase enzymes, active in promoting retranslocation during senescence, continued the hydrolysis of organic P after abscission and during our water extraction. Since this leaching of PO 4 3~ was a substantial portion of the annual PO 4 3f lux, this phenomena deserves further attention. Based on our data we believe the following hypotheses explain the origin of the DOM draining from the forest floor. Much of the DOM originates from the soluble organic matter present in fresh litter. It is leached very gradually for a period of well over a year. A large amount of soluble labile carbohydrates in the hydrophilic neutral fraction is decomposed before being leached. The remaining soluble components undergo significant chemical changes before being leached from the forest floor. Much of the hydrophobic acid component is present in freshly fallen autumn litter, so it might be useful to think of the humification process as beginning during senescence. Processes such as condensation, oxidation, and enzymatic reactions modify the soluble material. They produce hydrophilic acids, perhaps from hydrophobic acids or hydrophobic neutral material. Most importantly, the nitrogen content is increased, partly from the incorporation of N-rich compounds generated from decomposition of the solid litter. The decomposition of the solid lignocellulose component probably generates a certain component of the DOM but not enough so that it is obvious from our budgetary data alone. While the above explanation is consistent with our data, some of the transformations probably could not be verified without tracers.
CONCLUSION
The leaching of dissolved organic matter from the canopy and forest floor was an important input of N, and to a lesser extent P, to the A horizon. Leaching of mineralized inorganic N and P from the forest floor was not a significant source to the A horizon. Instead, inorganic N and P were removed by immobilization or other processes in the forest floor despite the inclusion of the old, highly decomposed "humus" material that might be expected to be in a "mineralization phase." The outputs in solution and eluviation of fine particles still could only account for < ' /a of the N and P inputs to the forest floor. Direct removal by roots and mycorrhizae, accumulation of forest floor, and physical mixing into the A horizon were the most likely fates of the remaining N and P inputs.
Most of the DON leaching from the forest floor was carried by humic substances and hydrophilic acids, not by free proteins and amino acids. Most of the DOP was carried by the hydrophilic anions and humic substances. The substantial input of humic substances probably makes an important contribution to the humic N absorbed to the mineral soil. Although there is little data for comparison, the flux of organic acids from the Coweeta Ultisol and Inceptisol was greater than for some Spodosols. Much of the dissolved organic matter leached from the forest floor seemed to originate from initially soluble substances in litterfall and throughfall. A large component of hydrophobic acids, similar to humic substances, was already present in fresh litter. However, the nature of these soluble substances is quickly altered, probably by incorporation of additional N, decomposition of carbohydrates, and other reactions characteristic of humification. ACKNOWLEDGMENTS Kent Tankersley and Lisa Leatherman helped in the collection of field samples. Mary Henderson helped me install field equipment and learn to repair the TOC analyzer. Kent Tankersley and Steve Woolen helped me analyze samples. I also thank the personnel of the Coweeta Hydrologic Laboratory for their help and hospitality. I appreciate the personnel responsible for the Institute of Ecology Analytical Lab for allowing me to use the TOC Analyzer immediately after returning with samples because that was the only way to unambiguously establish that the samples had not been degraded. The coauthors of this paper and the other members of my committee promptly reviewed this paper. This research was financed primarily by a NSF Dissertation grant BSF-8 501424, with additional support by the NSF LTER grant BSR 85-14328. The Botany Department, University of Georgia, also provided valuable support.
